numbers after two oral immunizations and increased six-to eightfold with two additional oral boosters, whereas further oral immunizations caused no additional stimulation. Intravenous immunizations had to be repeated seven times before ACC could be detected. After two oral immunizations, most of the ACC were found in the proximal part of the small intestine and no ACC were seen in the colon. This uneven distribution of ACC within the small intestine was eliminated after four oral immunizations, when ACC could also be detected in the colon. The ACC response after four oral immunizations demonstrated a peak at 4 days with far fewer cells present at 2 and 7 days. Electron microscopic studies showed that the ACC were mature plasma cells with the staining localized to the endoplasmic reticulum. Regression analysis of the relationship between the number of ACC and the magnitude of protective immunity against intestinal challenge with cholera toxin indicates a highly significant correlation (r = 0.91, P < 0.001).
The intestinal lamina propria contains vast numbers of immunoglobulin A (IgA)-producing plasma cells (3, 6, 8) , and there is accumulating evidence that antibodies synthesized by these cells effect the major defense of the gut mucosal surface against pathogens (5, 7, 15, 16, 19) . Although conventional immunohistological techniques can be employed to detect the specific antitoxin-containing plasma cells (ACC) in the lamina propria, knowledge is still very incomplete of the best conditions for stimulation of an effective ACC response in the small intestine.
However, studies by Pierce et al. (16, 17) using fluorescein-labeled antibodies have given valuable information about the ACC response to different forms of cholera toxin (CT)/toxoid immunizations in the lamina propria of rats and dogs.
Recent studies in our laboratory have indicated that the protective antitoxic immunity in mice is mediated mainly by IgA produced in the intestine, whereas the protective capacity of serum antibodies is minimal, if any (19) . The mouse therefore seemed to be an ideal model to study the ACC development in response to CT immunization, and the relationship between these cells and the protective antitoxic immunity. This report describes methods for identification of intestinal ACC by light and electron microscopy by using horseradish peroxidase coupled to either CT or anti-CT immunoglobulin, and the use of these methods for studies of the magnitude, time course, and morphology of the intestinal immune response at the cell level. Finally, it examines the relationship between ACC and the protective antitoxic immunity.
MATERIALS AND Cytochem., in press). The activated HRP was then separated from unreacted glutaraldehyde on a column (0.7 by 12 cm) of Sephadex G-25 superfine (Pharmacia Chemicals, Uppsala, Sweden) using 0.15 M NaCl for elution. Antiserum against purified CT was raised in rabbits as previously described (11) . A fraction containing mainly IgG was prepared by gel filtration of 3 ml of the serum on a Sephacryl S-200 column (2.5 by 110 cm; Pharmacia Chemicals) using 10 mM sodiumborate buffer containing 0.5 M NaCl (pH 8.5) for elution. The glutaraldehyde-activated HRP (15 mg) was reacted with the anti-CT immunoglobulin (5 mg) at a total protein concentration of 12.5 mg/ml at 40C for 24 h at pH 9.5, adjusted with 1.0 M carbonatebicarbonate buffer. L-Lysine (Sigma) was then added to a final concentration of 20 mM to block unreacted aldehyde groups. After incubation for 2 h at room temperature the conjugation mixture was dialyzed for 24 h against 0.05 M tris(hydroxymethyl)aminomethane-hydrochloride buffer containing 0.5 M NaCl (pH 8.5), and the HRP-IgG conjugate fraction was isolated by filtration on a Sephacryl S-200 column (1.5 by 100 cm) with the same buffer as the eluant (4).
(ii) Conjugation of HRP to CT. HRP was reacted with glutaraldehyde as described above. Purified CT (2.5 mg) was reacted with glutaraldehyde-activated HRP (6 mg) at a total protein concentration of 8.5 mg/ml at 4°C for 24 h, after which time the reaction was stopped with L-lysine in a final concentration of 20 mM. The conjugation mixture was dialyzed against several changes of PBS for 6 h at 4°C, and the HRP-CT conjugate was isolated by filtration with Sephacryl S-200 (1.25 by 90 cm) with PBS as the elution buffer. In Ouchterlony immunodiffusion tests the anti-CT-HRP conjugate gave a single precipitation line with CT, and the CT-HRP conjugate gave a single line showing "identity" with native CT when tested against antitoxin antiserum.
Determination of ACC. Mice were intracardially perfused under ether anesthesia with 50 ml of ice-cold 4% formaldehyde-0.1% picric acid in 0.15 M cacodylate buffer (pH 7.2). Intestinal specimens 5 mm long were thereafter immersed in the cold formaldehyde-picric acid solution for 1 h. When not specified otherwise the specimens were taken from mid-jejunum. After thorough washing for 24 h in PBS, the specimens were dehydrated in a graded series of ethanol, embedded in paraffin, and cut in 5-,um transverse sections, which were placed on glass slides.
Incubation procedure I. The specimens were deparaffinated in xylol and transferred to PBS. They were incubated with purified CT (1 Mg/ml) in PBS supplemented with 5% bovine serum albumin (PBS-BSA) at room temperature for 90 min; control specimens were incubated with PBS-BSA only. Thereafter incubation with anti-CT antibodies conjugated to HRP (total protein concentration, 0.0125 mg/ml) was done at 4°C for 24 h. To obtain maximal ACC staining specificity, the reagent concentrations were determined by chessboard titrations. After three washings with PBS, 10 min each, the specimens were incubated for 5 to 10 min at room temperature with 3',3'-diaminobenzidine (0.5 mg/ml, Sigma) containing 0.01% (vol/vol) hydrogen peroxide (Perhydrol; Merck AG, Darmstadt, Germany). Thereafter, they were rinsed in PBS, dehydrated in ethanol, and embedded in De Pex (G. Gum Ltd., London) for microscopic examination. With this procedure peroxidase-positive cells observed after incubation with CT followed by HRP-conjugated anti-CT antibodies will represent both specific ACC and cells with endogenous peroxidase activity. The difference in number of cells detected with or without the CT incubation steps is used as a measure of specific ACC.
Incubation procedure II. Deparaffinated tissue sections were preincubated in PBS containing 0.1% Triton X-100 (vol/vol) and 5% BSA for 30 min at room temperature to allow better penetration of the reagents. This was followed by incubation with 1,4'-aminotriazole (10-6 M) in PBS for 3 to 5 min to eliminate endogenous peroxidase activity (18) . The specimens were then washed with PBS for 3 x 10 minutes and incubated with CT (1 Ag/ml) in PBS-BSA at room temperature for 90 min. After a new washing with PBS, the specimens were incubated with anti-CT-HRP conjugates (0.0125 mg/ml) for 24 h at 4°C. Incubations with diaminobenzidine and hydrogen peroxide followed, as described above.
Controls. (i) Elimination of endogenous peroxidase activity by 1,4'-aminotriazol. Intestinal sections were preincubated with Triton X-100 and 1,4'-aminotriazole as described above, followed by incubation with diaminobenzidine and hydrogen peroxide. No peroxidase staining was observed.
(ii) Absence of staining with unrelated HRPimmunoglobulin conjugate. Sections were preincubated with Triton X-100 and 1,4'-aminotriazole as described above and thereafter incubated with CT (1 ,ug/ml). After subsequent washing the sections were incubated with goat anti-rabbit IgG conjugated to HRP (0.0125 mg/ml) instead of the usual anti-CT-HRP conjugate at the same protein concentration. Diaminobenzidine and hydrogen peroxide incubation revealed no peroxidase activity in the specimens, indicating lack of unspecific absorption of the HRP-IgG conjugate (14) .
(iii) Removal of conjugate activity by means of antigen absorption. Anti-CT-HRP conjugates (5 Mg in 250 Ml) were absorbed overnight at room temperature with 50,tg of CT (1 mg/ml), and the mixture was centrifuged at 10,000 x g for 1 h at 4°C to remove anti-CT-HRP/CT complexes. The supernatant was used for staining of tissue sections which had been preincubated with Triton X-100, 1,4'-aminotriazole, and CT. No peroxidase staining activity was seen in the specimens.
Electron microscopy. Intestinal specimens from intracardially perfused mice were collected in ice-cold isotonic saline and divided in small pieces, approxi- The specimens were then thoroughly washed in PBS and fixed in 3% glutaraldehyde in 0.15 M cacodylate buffer (pH 7.2). Tissue samples were rinsed in 0.15 M sodium cacodylate buffer and incubated with 3',3'-diaminobenzidine and 0.01% hydrogen peroxide in the same buffer for 10 min. Thereafter, the tissue pieces were rinsed in the cacodylate buffer, postfixed in buffered 2% osmium tetroxide, dehydrated in a graded series of ethanol, and embedded in Epon. Sections, 1 ,um in thickness, were prepared on a LKB Pyramitome or Ultrotome and examined by phasecontrast microscopy. Selected areas were further sectioned at 30 to 50 nm for electron microscopy and observed either with or without counterstaining with lead citrate and uranyl acetate.
Statistical analysis. Specimens from at least two mice (usually six mice from three different experiments) were investigated. From each tissue specimen about 10 cross sections were prepared, and the ACC number in each was determined. The mean ACC number and its standard error were calculated by conventional statistical techniques, using the sections as units.
The use of the section and not the animal as unit in the statistical calculations done was justified by the fact that the data, when subjected to analyses of variance, did not reveal any significant "between-animal" variance (1). (i) Light microscopy studies. Jejunal specimens from the three groups of mice were examined with or without preincubation with CT. In the absence of this incubation only cells with endogenous peroxidase activity are detected; in the specimens investigated the number of these cells was usually low (Fig. 1A) Table 1) . Preincubation of specimens with 1,4'-aminotriazole eliminated the endogenous peroxidase activity without affecting the development of ACC. With this method 40 ± 10 ACC per cross section were demonstrated in the p.o. group, whereas no ACC were detected in the other two groups.
RESULTS
(ii) Electron microscopic studies. A more detailed examination of the various cell types showing endogenous or specific-labeled peroxidase activity was performed with the electron microscope after incubation with CT-HRP. A large number of mature plasma cells with a stained endoplasmic reticulum were found in the lamina propria of the p.o.-immunized mice ( Fig.  2A) . The stained endoplasmic reticulum was, however, only seen in a limited proportion of the plasma cells examined, thus excluding unspecific binding of the conjugate to the endoplasmic reticulum of any plasma cell. No staining of the endoplasmic reticulum was seen in plasma cells from the i.v.-immunized or nonimmunized mice. However, plasma cells showing staining of the plasma membrane and no intracellular staining were seen in specimens from all groups investigated.
Small lymphocytes never displayed intracellular staining after incubation with CT-HRP. However, their plasma membrane was stained, indicating binding between CT and the membrane GM1 ganglioside receptors (9) (Fig. 2B) .
The electron microscopic studies also confirmed the absence of ACC in Peyer's patches in which most of the cells were small lymphocytes showing plasma membrane staining. A minor portion of the cells in Peyer's patches were lymphoblasts with membrane GM1 staining, but without intracellular staining. Leukocytes were the only kind of cells displaying endogenous peroxidase activity (Fig. 2C) . sociated with the appearance of ACC in lamina propria (Fig. 3) .
ACC in different parts of the intestine. Figure 3 shows a more rapid rise of ACC than of protection between one and four p.o. immunizations. However, the protection factor represents the average level of protection in the jejunum and ileum, whereas the ACC were determined in the jejunum only. Since the proximal part of the intestine is exposed to a higher antigen concentration than the distal part after p.o. immunization, the possibility was raised that ACC as well as protection might be unevenly distributed along the intestine, an effect which probably would be more pronounced with few immunizations than with many. This was tested by analyzing the number of ACC and the resistance to CT challenge in duodenum, jejunum, and ileum after two and four p.o. immunizations.
After two immunizations, about 40% fewer ACC were seen in the ileum than in the duodenum and jejunum, and no ACC were detected in colon transversum. The upper part of the small intestine was also significantly better protected than the ileum (Table 3) . However, after four p.o. immunizations the ACC were uniformly distributed along the small intestine and also detected in colon transversum, although in lower numbers than in the small intestine. No difference in the degree of protection between various parts of the intestine was seen either (Table 3) .
Correlation between ACC and protec- a Immunizations were given as in Table 1 . ' The specimens were preincubated with 1,4'-aminotriazole; for procedural details see the text. Numbers refer to cells per intestinal cross section (mean ± standard error of 10 to 15 sections from two animals).
tion. Based on the uneven distribution of intestinal ACC after two p.o. immunizations, it can be calculated that the mean ACC value in the small intestine is about 25% lower than the jejunal value in the groups of mice given from one to three p.o. immunizations. If these corrected values are used together with the mean jejunal ACC numbers for the other immunization groups reported, and a plot is established between ACC and the protection factor, a linear relationship is obtained (Fig. 4) . Regression analysis of the data indicates that the correlation between ACC and the protection factor is highly significant (r = 0.91, P < 0.001). HRP conjugates for detection of ACC in intestinal specimens of mice. Conjugation of antitoxin with HRP instead of fluorescein (16, 17) was preferred because of the following reasons: the staining does not fade and the specimens can be stored for future reference; electron and light microscopic studies can be performed with the same conjugates; and the conjugate is stable because HRP is bound by Shift's base formation. The color of the reaction product in the specimens depends on the enzyme substrate used, i.e., diaminobenzidine gives a brown precipitate, 4-chloro-napthol gives a blue ones etc. Preliminary experiments have shown that the use of 1,4'-aminotriazole and different leukodyes makes it possible to localize three conjugates on the same section.
Coupling of HRP to proteins by means of glutaraldehyde can be performed in one or two steps (2) . The two-step method is superior to the one-step method from many points of view; e.g., the kinetics are easier to define (13) , and the Correlation between the protection factor and the mean ACC values for the entire small intestine (see text). Each ACC value is the mean of 20 to 80 sections from two to eight animals, and the protection factor was determined in 10 to 20 animals. The line is based on regression analysis, which also demonstrates a highly significant correlation: r = 0.91; P activation of HRP in the first step can be performed under optimal conditions (Molin et al., in press) without interfering with the substance to be marked. The second step can then be done in a way that does not affect the binding properties of the marked substance. In the present study, the second-step reaction did not alter the binding properties of the labeled cholera reagents for antigen and antibody respectively, as shown by immunodiffusion tests. The ability of CT to induce secretion in ligated intestinal loops also remained intact after coupling to HRP.
Mature plasma cells were the only cells showing intracellular specific staining as studied by electron microscope. No conjugate attached intracellularly to small lymphocytes or lymphoblasts. Sectioning at different levels in the specimens showed that only plasma cells at or immediately below the section surface were stained intracellularly. Thus, the conjugate could not penetrate the intact membrane of an anti-CT immunoglobulin-producing cell deeper into the specimen. However, the staining of the plasma membrane GM1 receptor revealed that the conjugate penetrated about 20 ,Am deep into the specimen.
Most of the plasma cells with a stained endoplasmic reticulum demonstrated no staining of the plasma membrane, in contrast to cells without intracellular staining. This probably reflects a higher affinity of the intracellular anti-CT immunoglobulin than of the membrane GM1 receptor. The suggestion is supported by the finding that the average affinity of 7S antibodyproducing spleen cells was The ACC were mostly localized in the crypts and the lower half of the villi, which is in accordance with earlier findings (17) . Cells with specific intracellular staining were not seen in Peyer's patches, consistent with the reported absence of immunoglobulin-containing cells in the Peyer's patches (3, 6) . The lamina propria ACC seemed to be arranged in clusters and not randomly distributed in the specimens.
After two p.o. immunizations the ACC number was significantly higher in the proximal than in the distal part of the intestine, but it was equally balanced in different parts of the small intestine after four p.o. immunizations. The uneven longitudinal ACC distribution after two, but not after four p.o. immunizations is consistent with findings that a specific mucosal immune response is focused at the site of antigen exposure (16, 17) , since the proximal part of the intestine is exposed to a higher antigen dose than the distal part after p.o. immunization. The uniform ACC distribution in the small intestine obtained after four p.o. immunizations may be explained by dissemination of primed cells from the highly exposed proximal parts to ileum (8) .
The rapid and brief time course of ACC in response to p.o. CT booster is almost similar in timing to the findings in rats and dogs (16, 17) . In these animals a peak ACC in lamina propria is noted between 4 and 8 days, whereas peak values in the mice were noted after 4 days, after which time the values rapidly declined to 10 to 15% of the maximum after 7 days. The IgA antitoxin synthesis in the mouse intestine has a similar peak 4 days after the booster dose (19) . After four p.o. immunizations, the ACC number seemed to reach an upper limit, because no increase was seen after three additional p.o. immunizations; these findings are consistent with an observed plateau in local IgA antitoxin synthesis (19) . i.v. immunizations also caused the formation of ACC, although much less efficiently. Even with a highly immunogenic dose for systemic antibody formation the i.v. injections had to be repeated seven times before a low but significant number of ACC could be detected.
It was consistently found that immunization giving rise to protective immunity induced development of ACC. The magnitude and time course of the protective immunity was closely related to the ACC number. Also the uneven distribution of ACC found after two p.o. immunizations could be correlated to a variation in protective immunity along the intestine. Subjecting all ACC and protection value data to an analysis of regression, a highly significant correlation was found (r = 0.91; P < 0.001). A similar correlation between intestinal ACC and protection against experimental cholera in dogs was recently reported by Pierce et al. (16 
